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Abstract
Energy savings from building retrofits often fall short due to occupant behaviour. Current retrofit guidance may be significantly undermined due to standardised behavioural assumptions used in modelling calculations. This paper investigated the impact of household behaviour on the effectiveness and optimum ranking of domestic retrofit measures. It compared the energy saving potential from eight single retrofit measures across five household behavioural patterns, using a case study dwelling and dynamic building simulation modelling. The results confirmed that behavioural impact is significant in optimising retrofit strategies, suggesting tailoring domestic retrofit by incorporating occupant behaviour is vital for realising the energy saving potential. 
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1. Introduction
The domestic sector accounts for just under a third of total energy use in the UK, representing a significant opportunity for combating climate change [1,2]. Given that building new homes is very limited in scope, energy retrofit of existing homes is therefore vital to achieving the government’s goal of carbon emissions reduction by 80% by 2050 [3]. Currently, actual energy savings achieved from building retrofits often fall short of expectations; this phenomenon is widely recognised as the performance gap or rebound effect [4,5]. The size of the performance gap can be larger than 100% and can vary greatly depending on the specific dwellings and occupants [5]. Closing this gap is thus imperative for realising the much-needed savings. 
A major reason for the significant differences between predicted and actual energy savings is occupant behaviour [6,7]. While much effort has been devoted to making a house more energy efficient, the complexities of the occupants and their homemaking practices have often been ignored [8]. Standardised behavioural assumptions are commonly used for home energy audits and policy interventions aiding in energy efficiency improvements [9]. Subsequently, the calculations based on these assumptions could undermine the validity of retrofit guidance [10]. 
Occupant behaviour in buildings has a significant influence on energy use [11-13]. Better incorporation of household behaviours in estimating domestic energy performance can thus improve the reliability of modelling predictions and subsequent home retrofit recommendations. A large body of research on occupant behaviour and building energy performance has focused on building design and operation stages. Behavioural impact on domestic retrofits needs further exploration. A few studies to date suggested that occupant behaviour exerted great influence on the effectiveness of energy efficiency measures [20-22]. In particular, Wei et al [20] showed that occupant heating behaviour had a significant impact on energy savings. Other behavioural parameters such as indoor air temperature and internal heat gains also strongly influenced savings [21]. In addition, Marshall et al [22] revealed that similar savings could be achieved through combinations of less expensive and less invasive energy efficiency measures. However, the question arises as to whether the optimal ranking of individual retrofit options would vary in terms of the energy saving potential when occupant behaviour differs.
The aim of this research is to investigate the impact of occupant behaviour on energy saving potential and optimal selection of retrofit measures in domestic buildings. The hypothesis is that the optimal rankings of individual retrofit measures for achieving energy saving may differ widely from one household to another depending on occupant behaviour. This will be demonstrated through comparing the savings from a range of measures across different behavioural patterns, using a case study dwelling and dynamic building simulation. By examining further the relationship between occupant behaviour and retrofit measures, this work introduces the idea of tailoring domestic retrofit using behaviour. It will aid a transition to a more occupant-centered research agenda with respect to developing domestic retrofit strategy.
2. Methods
The analyses described below employed dynamic simulation modelling to assess the impact of occupant behaviour on the energy saving potential of retrofit measures. The modelling processes were carried out using the validated energy simulation tool, Integrated Environmental Solutions - Virtual Environment (IES-VE). This tool provides sufficient capacity to test scenarios related to different energy efficiency improvements and behavioural patterns. A case study dwelling (Fig. 1) was modelled based on a pre-1919 medium-sized energy-inefficient mid-terraced house located in Cambridge, UK. The house was west facing; its total floor area was 99.41 m2 and total volume was 299.98 m3. The input parameters for the dwelling model (Table 1 and 2) were derived from the Energy Performance Certificate (EPC) of the house as well as IES-VE default data or published data (ASHRAE and CIBSE Guide). 
To represent the variety of occupant behaviours, this modelling incorporated five behavioural patterns (Table 1). These patterns were created using the data obtained from a survey and literature. The survey took place in Cambridge between January and March in 2015, using both face-to-face and postal methods among 400 households selected based on the availability of EPCs. A resulting 78 usable cases were processed using factor analysis and statistical pattern analysis to generate behavioural patterns [23]. The patterns consisted of household usage of heating, space, and appliances. They were segmented based on the degree of household usage. Rather than trying to be all encompassing, these behavioural patterns aim to reflect the diversity of typical UK household practices.
Coupled with five patterns of household behaviour, the modelled dwelling was applied with a range of energy efficiency improvements. A single measure was modelled for each behavioural pattern at a time. The subsequent energy saving from each measure was then compared across different behavioural patterns. The measures were selected from the existing technologies that were applicable to the modelled dwelling. They included building envelope and system upgrades, as well as smart meters and controls that could induce behavioural change towards energy waste reduction. Data used in modelling the improved levels of energy efficiency were derived from a literature review from both academia and industry, shown in Table 2. Renewable and low-carbon technologies linked to energy supply were not included here, as this work primarily aimed to address energy demand reduction.
The impact of retrofit measures on the dwelling energy use was further evaluated using local sensitivity analysis. This analysis calculated the effect of one parameter on energy demand at a time, keeping the other parameters fixed [24]. It assesses the relationships between input and output variables, and has been widely used in the field of energy modelling. In order to compare how the impact of individual retrofit measures might change with different household behaviours, a calculation of parametric sensitivity was carried out using two sets of behavioural patterns – active spenders and average users. Table 2 shows the nominal values and the range tested for the parameters. These values were applied individually to the modelled dwelling to compare changes in energy use and obtain subsequent energy saving and sensitivity of each measure.

             
Fig. 1. Plan of modelled mid-terraced house (a) ground floor; (b) first floor.
Table 1. Profiles of behavioural patterns for modelling.
Behavioural pattern	Heating pattern	Occupancy pattern
a	Active spenders	24/7 on; ground floor – 21oC and first floor – 18oC	Affluent family with 2 children & a pet; Unoccupied period from 08.30 to 18.00 
b	Conscious occupiers	Average 7 hours/day on; ground floor – 21oC and first floor – 18oC	Parents with a child; one parent stays at home; the house is occupied all the time
c	Average users	Average 4 hours/day on; ground floor – 21oC and first floor – 18oC	Working couple; Unoccupied period from 08.30 to 18.00
d	Conservers	Average 2.5 hours/day on; 18oC	Single with low income; Unoccupied period from 09.00 to 13.00
e	Inactive users	Average 1 hours/day on (only master bedroom & living room); 18oC	Single; Unoccupied period usually from 08.00 to 22.00

Table 2. Profiles of energy efficiency improvements and values used for local sensitivity analysis.
Retrofit measure	Input parameter	Before	After retrofit (target value)	Baseline (nominal) value	Input range  (baseline deviation)
					
External wall insulation 	Wall U-value	2.10 W/m2K	0.22 W/m2K	1.16 W/m2K 	+-80%
Ground floor insulation	Floor U-value	1.56 W/m2K	0.25 W/m2K	0.91 W/m2K	+-75%
Roof/loft insulation	Roof U-value	2.30 W/m2K	0.11 W/m2K	1.2 W/m2K	+-90%
Window insulation	Window U-value	4.80 W/m2K	0.89 W/m2K	2.85 W/m2K 	+-75%
Tank and pipe insulation	Delivery efficiency	0.6	0.95	0.75	+-20%
Heating system (boiler) upgrade	Seasonal Coefficient of Performance (SCoP)	0.5432	0.81	0.6766	+-20%
Ceiling insulation	Ceiling U-value	1.09 W/m2K	0.16 W/m2K	0.46 W/m2K	+-80%
Smart meters &controls	Heating length	See Table 1 Heating pattern	See Table 1 occupancy pattern, reduced heating length and space	12 hours	+-100%
	Heating temperature			21oC	+-25%
3. Results
The modelling results showed that the effectiveness and optimal ranking of energy efficiency measures varied markedly across five behavioural patterns (Fig. 2). The initial energy uses (kWh/m2/yr) of five patterns ranged widely, including a) 825; b) 432; c) 311; d) 244; e) 209. The amount of energy saving potential from each measure tended to be higher in more active user groups. In particular, the energy savings from some single measures varied markedly across the patterns. This magnitude was especially large in smart meters and controls as well as external wall insulation. For example, energy saving from smart meters and controls increased by a factor of 341 when changing from inactive users to active spenders. Furthermore, the bigger the gap between initial energy consumption for the patterns was, the more varied the optimal rankings of retrofit measures were. For example, smart meters and controls along with external wall insulation ranked top for active spenders, whereas tank/pipe insulation and heating system upgrades were the best energy saving options for inactive users. 
The building system upgrades and external wall insulation produced considerably higher energy savings than the rest of the measures across all behavioural patterns. Despite the variance in their rankings, these retrofit measures remained the top four most influential options among different user groups, except for inactive users in which smart meters and controls led to minimum energy saving. The rest of the measures on building envelope insulation produced comparatively much less energy savings. They were especially ineffective in the less active groups such as conservers and inactive users, where savings from loft/roof insulation went down to zero. Among these less efficacious options, ground floor insulation and window insulation produced relatively higher energy savings, with loft/roof insulation being the least effective.
A comparison of sensitivity analysis between active spenders and average users revealed that the impact of retrofit measures on dwelling energy performance varied with different behavioural patterns (Fig. 3). While the majority of the parameters had higher sensitivity for active spenders, the sensitivity of heating length and delivery efficiency was lower. In addition, heating length ranked higher than delivery efficiency for active spenders. The opposite was the case for average users. Moreover, a comparison among the retrofit parameters indicated that heating temperature had the most profound impact on dwelling energy use for both behavioural patterns. Other parameters also had relatively high sensitivity, including the seasonal coefficient of performance (SCoP), delivery efficiency, heating length and external wall U-value. The rest of the parameters were proportionately insignificant in terms of their influences on dwelling energy use and their subsequent energy saving potentials. 






Fig. 3. Comparing sensitivity of retrofit related parameters between active spenders and average users.
4. Discussion 
 This research illustrates the behavioural impact on the performance of retrofit measures, using dynamic building simulation with a case study dwelling. We demonstrate the importance of incorporating occupant behaviour in choosing optimal retrofit options. The findings suggest that substantial differences may exist in both retrofit strategies and energy saving targets for domestic buildings depending on whether behaviour is considered. In addition, targeting households with higher energy consumption could generate larger energy savings, exhibiting a more significant impact on overall domestic demand reduction.
The results confirmed that the optimum choices of home retrofits differ depending on household behavioural patterns. Findings concerning the behavioural impact on retrofit energy savings are consistent with and build upon prior studies. For example, Wei et al [20] also found that the energy saving potential of all retrofit measures was increased significantly for active heating users compared with that for passive heating users. In addition, Dodoo et al [21] asserted that indoor air temperature had a significant impact on the simulated building energy performance and energy efficiency measures. In contrast to the above studies, Marshall et al [22] suggested the savings from some energy efficiency measures were similar for all three occupancy patterns. These measures included roof, wall and combined insulation, boiler upgrade, and temperature reductions. This contrast could be due to the differences in how the user patterns were defined and distinguished in each study, such as the level of energy consumption for each pattern. Thus, knowing how to distinguish between user patterns to determine that each pattern group has the same optimal retrofit options is crucial for developing retrofit guidance.
The scope of this paper is limited to using building simulation and energy modelling to test energy efficiency improvements and behavioural impact. In particular, theoretical scenarios and simplified parameters used in the modelling may lead to calculations deviated from what the energy performances and savings would be in reality. For example, the interactive effects between the measures were not considered. Furthermore, the results obtained from the case study dwelling may not be representative of the housing stock. 
Realising the energy saving potential of domestic retrofit is an ongoing global challenge, and the next stage in the analysis will be to further expand the tailored approach to retrofit at the population level. This expansion will incorporate a more comprehensive set of factors influencing domestic energy savings, using big data from integrated sources to cover the diversity of occupants and environments. Given the stochastic nature of occupant behaviour, more robust behavioural models will be integrated in the analysis. The ambition would be to enable the scalability of the tailored approach and generalise the research outcomes nationwide. 
5. Conclusions
This research has highlighted the importance of incorporating occupant behaviour in determining domestic retrofit strategy. It addresses further the issues concerning the validity of current retrofit guidance based on standardised behaviour that leads to a significant gap between prediction and actual performance. It represents a step forward in bridging this performance gap. Little has been investigated in previous research on whether identical dwellings are suited with different retrofit options due to household behaviours. By taking into account behavioural variations in estimating retrofit effectiveness, both the ranking and energy saving potential of single retrofit measures can vary significantly depending on household behavioural patterns. This contradicts the conventional retrofit approaches differentiating only between the physical characteristics of the dwelling, allowing different retrofit measures to be prioritised in response to variations of household behavioural patterns for better retrofit decision-making. Without this prioritisation, home energy efficiency may not be optimised cost-effectively and households could be expecting a false payback period. This work suggests that including the retrofit savings estimates for a range of behavioural patterns in retrofit guidance can enable homeowners and relevant stakeholders to plan retrofit better and anticipate more realistic savings. It draws further attention to the significance of incorporating occupant behaviour in the decision-making of formulating energy efficiency policies and programs. We envisage that emphasising a tailored approach to retrofit using occupant behaviour will allow us to better achieve domestic energy demand reduction for a more sustainable housing sector.
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